The electronic structure and optical absorption properties of the b-FeSi 2 (100)/Si(001) interface are investigated by first-principle calculation at high pressure. As the pressure increases, the optical gap decreases sharply, reaches a minimum, and then increases slowly. Structural analysis reveals that the Si(001) slab partially offsets the pressure exerted on the b-FeSi 2 (100) interface, thus downshifting the lowest unoccupied electronic states of the interface and decreasing the optical gap. As the pressure increases further, this offsetting effect weakens and the optical gap increases again gradually. Hence, a high pressure plays an important role in the optical behavior.
Iron-disilicide (b-FeSi 2 ) is a semiconductor phase with a band gap of about 0.87 eV and high optical absorption coefficient of a > 10 5 cm À1 . [1] [2] [3] The two interesting characteristics make it a promising candidate in optoelectronic communication devices, near infrared detectors, solar cells, and light emitters. [4] [5] [6] In the b-FeSi 2 /crystalline silicon heterojunction structure in a solar cell, the conversion efficiency is still too low to be practical because of the high reflectance (40%) from the interfacial layer. 7, 8 Therefore, the microstructure of the b-FeSi 2 /Si interface needs to be modified in order to enhance the photovoltaic performance. For example, traditional silicon substrates are replaced by textured ones to alter the interfacial structure, so that the b-FeSi 2 layer can trap light more effectively. 9 If Al is introduced into the b-FeSi 2 / Si(100) heterojunction, the photovoltaic characteristics can also be improved significantly. 10 It has been reported that the b-FeSi 2 /Si interface plays a crucial role in the optical properties, [11] [12] [13] [14] [15] but the underlying physical mechanism is not well understood. The electronic transition between the conduction band (CB) and valence band (VB) is responsible for optical absorption, and so it is of both fundamental and practical importance to determine the b-FeSi 2 /Si interface electronic states and subsequent optical absorption behavior.
Previous electronic structure calculations conducted on b-FeSi 2 films indicate that the optical gap is highly sensitive to lattice distortion, 12 and a suitable stress field can alter the optical absorption band edge. When a b-FeSi 2 film is deposited on Si epitaxially, the diffusion rates of Fe and Si depend on the preparation methods and hence, the stoichiometry of the b-FeSi 2 /Si interface cannot be well controlled and the interfacial layer can be largely distorted leading to further lattice mismatch. 16, 17 In this respect, it is effective to apply a high pressure to simulate lattice deformation at the b-FeSi 2 / Si interface. It is believed that if a stress field is applied to the b-FeSi 2 /Si interface, optical absorption can be altered due to changes in the structure and electronic state. Therefore, a systematic investigation of the electronic states and optical behavior of the b-FeSi 2 /Si interface at high pressure are important. In this work, we theoretically investigate the changes in the optical absorption and structures of the b-FeSi 2 /Si interface at different pressure.
The heteroepitaxial system consisting of the b-FeSi 2 (100)/Si(001) interfacial structure 14 is studied. The calculation is based on the density functional theory (DFT) in generalized gradient approximation (GGA) and PerdewBurke-Ernzerhof (PEB) exchange-correlation potential, using the CASTEP package with Norm-conserving pseudopotentials. 18, 19 The Fe 3d 6 4s 2 orbitals and Si 3s 2 3p 2 orbitals are treated as valence states. An energy cutoff of 500 eV is used to expand the plane wave functions. The b-FeSi 2 (100)/ Si(001) interfacial layer is considered to comprise twelve layers of b-FeSi 2 (100) and a Si (001) slabs, as shown in Fig.  1(a) and it has been verified to be well converged. The corresponding film structure is modeled by a b-FeSi 2 primitive cell. A Monkhorst Pack k-points grid is 2 Â 2 Â 1 for the bFeSi 2 (100)/Si(001) slab and 2 Â 2 Â 2 for the b-FeSi 2 primitive cell. The bottom two layers are fixed to mimic the bulk structure, and relaxation is performed until the following convergence tolerances: 1 Â 10 À5 eV for energy, 0.03 eV/Å for maximum force, and 0.001 Å for maximum displacement. An external stress is applied by equivalent hydrostatic pressure, and the optical properties are calculated based on the independent-particle approximation. The imaginary part of the dielectric function due to transitions between the occupied and unoccupied electronic states is given by the Fermi golden rule, ; here, c is the light velocity. To test the validity of our model, the structural parameters of b-FeSi 2 calculated by the CASTEP package using previous theoretical and experimental results are compared in Table I . The lattice constants (a, b, and c) and optical band (E g ) obtained from CASTEP calculations are 9.847, 7.782, 7.838 Å , and 0.787 eV, which are smaller than previous experimental results, 21 but better than those derived by ab initio densityfunctional calculation.
14 With regard to the linear muffin-yin orbital (LMTO) calculation, 12 when the lattice constants are consistent with experimental values, the calculated optical gap is only 0.760 eV. Hence, it can be inferred that our calculation results are better than those of previous ones, although there are inevitable underestimation in the optical gaps.
The absorption spectra of b-FeSi 2 (100)/Si(001) slabs at pressure P of 0, 2, 3, 4, 6, and 8 GPa are calculated and shown in Fig. 2(a) . The absorption edges unexpectedly downshift from P ¼ 0 to 2 GPa in the beginning and then upshift from P ¼ 3 to 8 GPa. This behavior is different from previous results obtained from b-FeSi 2 films 13 showing that the absorption edges upshift monotonically with increasing pressure. To further assess this optical behavior, the optical gaps are obtained by a ¼ A hx ð hx À E g Þ b , and the calculated results are shown in Fig. 2(b) . Here, A is the constant including the square of the photon energy independent optical dipole matrix element, hx is the photon energy, E g is the optical gap, and b is the parameter for the joint density of states (DOS). 13, 22 The calculated results show that the optical gap decreases sharply with increasing pressure initially, reaches a minimum at about P ¼ 2 GPa, and then begins to increase slowly. To elucidate the physical origin, the corresponding results of only a b-FeSi 2 film are also calculated and shown in Fig. 2(c) . A significant linear relationship can be observed between the optical gap and applied pressure and this behavior is in agreement with previous experimental data. 13 Neglecting the underestimation in the DFT calculation, an obvious different behavior is observed from Figs Fig. 3(a) ], the DOS peak (P 0 ) at CB upshifts slightly when pressure is applied. To make it more clear, the DOS edges (marked by S 1 ) are magnified and shown in Fig. 3(b) . The energies of the lowest unoccupied states increase from 0.79 to 0.91 eV, which will enlarge the transition energy between the highest occupied and lowest unoccupied electronic states. introduces the P 1 state arising from the heterojunction interface but also downshifts the original P 0 state, as shown in Fig. 3(c) . The optical bandgap of the b-FeSi 2 (100)/Si(001) interface becomes obviously smaller than that of the b-FeSi 2 film. As the pressure increases, the two sub-peaks (P 1 and P 0 ) initially downshift (at P ¼ 2) and then upshift (at P ¼ 3, 4, and 8 GPa). Correspondingly, the electronic transition energy first decreases and then increases gradually. To clearly demonstrate this behavior, the interfacial state DOS edge (marked by S 2 ) is also magnified and depicted in Fig.  3(d) . The lowest unoccupied state diminishes sharply to 0.21 eV at P ¼ 2 GPa, increases slowly at P ¼ 3, 4 GPa, and finally exceeds 0.25 eV at P ¼ 0 GPa reaching 0.28 eV at P ¼ 8 GPa. This trend is in good agreement with the optical bandgap change illustrated in Fig. 2(b) . The results clearly indicate that the distributions of DOSs can be affected by the high pressure and explains why the b-FeSi 2 (100)/Si(001) interface exhibits different optical absorption properties. To further study the DOS changes, we examine the distributions of the electronic states at the VB and CB by orbital analysis. Our calculation shows that under different applied high pressure, the electronic orbital distributions are only modified slightly, but the main features are the same. The electronic orbital analysis of the highest occupied states and lowest unoccupied states at pressure P ¼ 0 GPa are displayed in Figs. 1(b) and 1(c) , respectively. The electronic states are dispersed in the regions of the interfacial Fe atom orbitals (marked by red rectangle), but slightly located at the internal Fe and Si atom orbitals. This implies that the absence of some Si atoms at the interface does not affect optical absorption significantly. Our calculations conducted for silicon vacancies at different locations also confirm this point (data not shown here). These results disclose that the two b-FeSi 2 atomic layers in the interfacial region are mainly responsible for the optical absorption and, therefore, the interfacial lattice distortion as a result of a higher pressure can explain the optical absorption behavior.
To illustrate the structural distortion, the calculated structural parameters of the b-FeSi 2 (100)/Si(001) slab, b-FeSi 2 , and Si films are shown in Table II the Fe-Si and Si-Si bonds at the interface (a Fe-Si , a Si-Si ) and interior (l Fe-Si , l Si-Si ) are compared [(a Fe-Si , a Si-Si ) and (l Fe-Si , l Si-Si ) are marked in Fig. 1(a) ]. As the pressure increases, the lengths of the Fe-Si and Si-Si bonds decrease linearly, but the a Fe-Si Àa Si-Si and l Fe-Si Àl Si-Si values increase initially reaching a maximum and then decreases gradually. The change in the bond length is similar to that of the bandgap alternation at a high pressure. On account of the different elastic coefficients C 44 (last columns in Table. II), the Si(001) slab may partially offset the pressure exerted onto the b-FeSi 2 (100) slab thereby increasing the difference in the bond lengths. As the pressure is further increased, the compressed Si(001) slab cannot offset effectively the applied pressure and consequently, the bond length difference decreases slowly. This special transformation in the interfacial region causes the electronic state distributions and electronic transition energy to change. Finally, the optical properties are modified [ Fig. 2(b) ]. In the single b-FeSi 2 and Si films, the deformation and deformation difference increase monotonically as consistent with the calculated results in Fig. 2(c) . This explains why the b-FeSi 2 (100)/Si(001) interface and b-FeSi 2 film exhibit significantly different optical behavior, and our study discloses that this phenomenon can be attributed to the deformation caused by different pressure. In summary, as the pressure increases, the absorption spectra theoretically derived from the b-FeSi 2 (100)/Si(001) slab indicate that the optical gap decreases initially, reaches a minimum, and then increases gradually. Structural analysis and electronic state density calculation disclose that the Si(001) slab partially offsets the pressure exerted onto the b-FeSi 2 (100) surface, and so the lengths of the Fe-Si and SiSi bonds at the interface are larger than those in the internal region. This is equivalent to strain applied to the interfacial region. It causes the lowest unoccupied electronic state at the DOS peak (P 1 ) edge to downshift and meantime the optical gap becomes smaller. As the pressure increases further, the compressed structure cannot offset effectively the high pressure. The bond length difference decreases and finally, the optical gap increases slowly. Our results reveal that the electronic structure and optical properties of the b-FeSi 2 (100)/ Si(001) interface are obviously different from those of the b-FeSi 2 film, and a high pressure plays a crucial role in the optical adsorption. This phenomenon needs to be considered in device design particularly pertaining to photovoltaic applications. 
